Numerical simulations such as Finite Element (FE) modelling allow the simulation and prediction of guided wave propagation and scattering. Specific considerations concerning the choice of mesh, element type, time step, and analysis method are required to ensure stable and accurate simulations. Modeling considerations and validation against experimental results are shown for two examples of increasing complexity. The approximation of complex geometries and the effects on guided wave propagation are discussed. Examples concerning guided wave scattering at defects in single and multiple metallic layers of plate structures were compared against experimental results.
INTRODUCTION
Guided ultrasonic waves allow the efficient monitoring of large structures [1] , as long propagation distances can be achieved, especially at low excitation frequencies [2] . This has been employed for the nondestructive monitoring of different types of structures and defects, e.g. pipes [3] , plates [4] , bonded stiffeners [5] , multi-layered structures [6] , and composites [7] . Localized and distributed array systems using low-frequency guided waves have been developed for the detection and localization of defects in plate structures [8] [9] [10] . The sensitivity for crack-like defects can be improved by advanced signal processing, e.g., minimum variance imaging taking the scattering directionality pattern around the crack into account [11] .
Fatigue crack growth in multi-layered metallic components constitutes a significant maintenance problem for ageing aircraft structures [12] . High frequency guided waves have been employed to monitor fatigue crack growth at fastener holes [13, 14] and to detect defects in multi-layered metallic structures [15] . For the aerospace industry, composite structures offer improved strength to weight ratio, but are subject to barely visible impact damage [16] . The propagation of guided ultrasonic waves depends on the material anisotropy, requiring good understanding for experimental design and analysis [17, 18] . Guided ultrasonic waves have been successfully employed to detect delaminations and impact damage in composite structures [19] [20] [21] .
The scattering of the A 0 Lamb wave mode at circular holes has been modelled analytically and numerically, verified experimentally [22] [23] [24] . The scattering of guided waves at fatigue cracks emanating from a fastener hole has been simulated and compared to experimental measurements for single metallic layers [25] [26] [27] and multi-layered structures [28] . The scattering pattern of the A 0 Lamb wave mode at notches in a plate has been investigated from Finite Element (FE) simulations for a range of geometrical parameters, e.g., defect orientation, length, and depth, and measured experimentally [29] .
In this contribution, for two problems of increasing complexity ranging from a notch in an metallic plate to fatigue cracks in multi-layered structures, the considerations for numerical modelling of the guided ultrasonic wave propagation and scattering are discussed. Comparison to experimental results for allows for the validation of the numerical models and better understanding of the underlying physics. 
SCATTERING AT A NOTCH IN ALUMINIUM PLATE
The scattering of the fundamental anti-symmetric A 0 Lamb wave mode at notches in large aluminum plates ( Fig. 1 ) was simulated using three-dimensional (3D) Finite Element (FE) models. The influence of incident wave direction to the notch orientation, notch length and depth was investigated [29] . The complete 1 m x 1 m x 5 mm thick aluminum plate ( Fig. 1 ) was modelled using linear brick elements in ABAQUS Explicit. Notches of varying length and depth were modelled by removing the required elements to match the experimental setup, as described in [29] . No mesh refinement around the defect was implemented and a straight-forward Cartesian mesh was employed. This allows good control over the element size and measurement grid to compare simulations with and without a defect and to interpolate the data to exactly match the experimental measurement grid. However, without mesh refinement the linear elements potentially do not correctly approximate the stress concentration at the defect, especially the defect tips. Especially for cracks this might lead to an under-estimation of the scattering contribution from the crack tips. For the scenario investigated here, the notch length was comparable to the wavelength of the incident A 0 Lamb wave mode and the scattering along the length of the defect was assumed to contribute significantly to the observed scattered wavefield.
The element size and time step were chosen to adhere to the usual stability criteria, and explicit time integration was used. Different angles of the incident wave relative to the defect orientation were implemented by choosing an excitation point 300 mm from the defect center at the required angle. The excited wave propagates radially outwards from the excitation point. The distance was chosen large enough that at the defect location the curvature (radius) of the incident wave front can be neglected and it can be considered as a plane incident wave when compared to the largest considered defect length (here: 20 mm). A narrowband 5 cycle toneburst with a center frequency of 100 kHz was chosen as the excitation pulse, corresponding to a wavelength λ for the A 0 mode of 19 mm.
On points in a square area around the defect, the out-of-plane displacement at the center (mid-plane) node was recorded to capture selectively the A 0 Lamb wave mode. Below the cut-off frequency of the higher Lamb wave modes, the A 0 , S 0 , and SH 0 modes can exist, but only the A 0 mode has an out-of-plane component at the center plane. The recorded time trace at each monitoring node was saved and time gated to remove edge reflections from the plate. Using Fast Fourier Transform (FFT) the complex magnitude (amplitude and phase) at the center frequency was extracted for each monitoring node. For the models with the defect, this captures the combined incident and scattered wave field. Further FE simulations were run with the same excitation locations, but without any defect to record only the incident wave field. The amplitude of the scattered wave at the notch was calculated by taking the difference between the complex magnitudes for each point with and without a defect. The scattered wave amplitude on a circle with radius 30 mm and angular step of 5 degree was obtained by interpolating bi-linearly between the regularly spaced monitoring nodes. The methodology is described in detail in a previous contribution [29] .
The FE simulation results were compared to experimental measurements, matching as much as possible the geometries and evaluation methods, as described in [29] . An initial measurement was done for each excitation transducer before the notch was milled to record the incident wave field, and then for each notch depth. Due to the re-positioning of the plate after each milling step, when the difference between the complex magnitudes was calculated, the repeatability was limited to a noise level of about 5% of the amplitude of the incident wave.
Polar plots of the amplitude patterns (normalized to incident wave amplitude) from experiments and FE simulations are shown in Fig. 2 for two cases. Fig. 2a shows the scattered wave pattern for the incident wave perpendicular to a 20 mm long notch halfway through the plate thickness. The predicted scattering pattern is symmetric, with a small backscattered lobe in the 0° direction and a larger shadow area in the 180° direction, where the defect blocks part of the incident wave path and reflects some of the energy. For the lobe around the 180° direction a good agreement between FE simulation and experiments can be observed, with a slight asymmetry of the measurement results. For the back-scattered wave around the 0° direction, the amplitudes approximately match, but the pattern of the experimental results is not that clear as the amplitude is only about three times the noise level due to the re-positioning of the plate after milling. The mode conversion to the S 0 mode at the part-thickness defect was not evaluated but could be investigated from the FE simulations. Fig. 2b shows the scattering at a through-thickness notch for an incident wave direction of 45°. Due to the larger defect depth, the overall scattered wave amplitude is higher than observed in Fig. 2a . A distinct pattern with two larger and two smaller lobes can be observed and matches well between measurements and FE simulations [29] . Good agreement of the measured and simulated amplitude patterns was found, and the FE simulations validated. Distinct angular patterns of the scattered guided wave were observed, which can be considered for the prediction of defect detection sensitivity using distributed guided wave arrays, e.g. minimum variance imaging [11] .
(a) (b) Fig. 3 : FE simulation of amplitude variation along multi-layered tensile specimen (width 40 mm) for 3 excitation point forces (z = -110 mm) to match experimental configuration, excitation frequency: 115 kHz.
WAVE PROPAGATION AND SCATTERING AT FATIGUE CRACK IN A MULTI-LAYERED SPECIMEN
As a more complex geometry, the wave propagation and scattering of low frequency guided wave modes in a multilayered specimen were investigated [28] . The multi-layered structure consists of two aluminum layers (each 3 mm thickness) with a 0.2 mm thick sealant layer. Experimentally the growth of a fatigue crack in the bottom (hidden) layer of the multi-layered structure at a fastener hole was investigated. The scattered guided wave field around the fastener hole was measured before crack initiation and for a macroscopic crack in the bottom layer approximately 5 mm long. The tensile specimens employed had a limited width of 40 mm to fit into the test machine grips and multi-modal guided wave propagation with different mode shapes across the specimen width was observed. Even considering only flexural modes (similar thickness mode shape to A 0 Lamb wave mode), at the chosen excitation frequency of 115 kHz three propagating wave modes existed.
Using a 3D model in ABAQUS/Explicit, FE simulations were conducted to investigate the wave propagation and scattering in the tensile specimen [28] . The specimen geometry was again modelled using a Cartesian mesh with linear brick elements (C3D8R) with an element size for the plates of 0.5 mm x 0.5 mm x 0.75 mm, and for the sealant of 0.5 mm x 0.5 mm x 0.1 mm. The in-plane element size was much smaller than required by the usual stability criteria compared to the wavelength, but were chosen to achieve acceptable ratios to the required small element size in the thickness direction. Each of the 3 mm thick aluminum adherents was modelled with 4 linear elements through the thickness to accurately catch the flexural mode shape. The thin sealant layer was modelled with 2 elements through the thickness to approximate the rather large shearing predicted from the mode shapes. Figure 3 shows the distinctive interference pattern between the three flexural wave modes as they propagate along the multi-layered specimen. Reasonably good agreement with experimental measurements was found [28] .
The scattering at the fastener hole and fatigue crack was simulated using the FE model. The hole (radius 3 mm) was approximated by the Cartesian mesh, removing the required elements. This approximated the circular hole shape with a stepped structure with 0.5 mm steps from the size of the brick elements and might introduce some error for the scattered field. From a comparison of the FE simulation predictions to the measurement for the undamaged hole, a good agreement was found except for a slight asymmetry of the experimental results, potentially due to an asymmetry of the incident wave field [28] . The approximately 4.8 mm long fatigue crack in the bottom aluminum layer was modelled as a zero-width crack of 5 mm length through the thickness of the bottom layer (3 mm) by having the corresponding elements along the crack surface not connected. This does not allow for potential contact between the crack surfaces, but as the crack could be well observed using an optical microscope, the modelling as an open crack was not considered to introduce a significant error. Figure 4 shows the comparison between the FE simulations ( Fig. 4a ) and the experimental results (Fig. 4b) . The incident wave propagates from bottom to top and at the hole a high amplitude consistent with the reflection at a free surface can be observed for both cases. As the fastener hole diameter is small compared to the incident mode wavelengths, a high amplitude behind the hole (top) can also be seen. In front of the hole (bottom), a semi-circular area of high amplitude due to the constructive interference of the incident and scattered waves can be seen. For both numerical and experimental an asymmetry due to the hidden crack at the right-hand side of the hole (in bottom aluminum layer) can be observed. Directly in front of the crack, a higher amplitude at the hole can be seen and the scattering pattern is twisted away from the defect. Overall, the influence of the hidden fatigue crack on the guided wave scattering could be well predicted from the FE simulations. 
CONCLUSIONS
The scattering of guided ultrasonic waves at defects in metallic structures were predicted from FE simulations and compared with experimental results for validation. For the case of part-through and through thickness notches in an aluminum plate good agreement between the scattered field directivity patterns was obtained, with some limitation of the experimental results due to the required re-positioning of the plate after each milling step. Employing a Cartesian grid without mesh refinement around the defect was found to accurately model the scattering behavior at a large defect comparable in size to the A 0 Lamb wave mode wavelength. For the case of a fatigue crack at a fastener hole in a multilayered structure care had to be taken with the element size through the thickness to accurately model the mode shapes, resulting in a small element size compared to the wavelength. This was then found to be sufficient to approximate the circular fastener hole and crack with the Cartesian mesh and to accurately predict the change in the scattered wave field due to fatigue crack growth. For anisotropic materials additional considerations are required to accurately capture the guided wave propagation and scattering, e.g. for impact damage and delaminations in composite plates.
